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Abstract 
The oxygen evolution reaction (OER) is critical in electrochemical water splitting and 
requires an efficient, sustainable and cheap catalyst for successful practical applications. A 
common development strategy for OER catalysts is to search for facile routes for the 
synthesis of new catalytic materials with optimized chemical compositions and structures. 
Here, we report nickel hydroxide Ni(OH)2 two-dimensional (2D) nanosheets pillared with 
zero-dimensional (0D) polyoxovanadate (POV) nanoclusters as an OER catalyst that can 
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operate in alkaline media. The intercalation of POV nanoclusters into Ni(OH)2 induces the 
formation of a nanoporous layer-by-layer stacking architecture of 2D Ni(OH)2 nanosheets 
and 0D POV with a tunable chemical composition. Our nanohybrid catalysts remarkably 
enhance the OER activity of pristine Ni(OH)2. The present findings demonstrate that the 
intercalation of 0D POV nanoclusters into Ni(OH)2 is effective for improving water 
oxidation catalysis and represents a potential method to synthesize novel, porous 
hydroxide-based nanohybrid materials with superior electrochemical activities. 
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Introduction 
 
The electrocatalytic generation of H2 and O2 molecules via the electrolysis of water 
molecules is the focus of a great amount of research activity because of its usefulness for 
harnessing intermittent energy from the sun, wind, or other renewable sources and transforming 
the energy  into user-friendly chemical energy.1−4 The total water splitting reaction is composed 
of oxygen- and hydrogen-evolution half-reactions at the cathode (2 H+(aq) + 2e− → H2(g)) and 
the anode (2 H2O(l) → O2(g) + 4 H+(aq) + 4e−), respectively.5 Despite its advantages, the 
electrolysis of water requires a substantial overpotential () in addition to the thermodynamic 
potential for water splitting (H2O → H2 + 0.5O2, 1.23 V), which is primarily the reason for the 
sluggish oxygen evolution reaction (OER) kinetics.5,6 An electrocatalyst assists in the transfer of 
charge carriers between the electrode and the reactants or facilitates an intermediate chemical 
transformation that is described by an overall half-reaction, and noble metal (Rh/Ru/Ir) oxides 
are the most efficient and robust OER catalysts in acidic and alkaline media.6,7 However, the 
high cost and relative scarcity of noble metal oxides restrict their practical applications. 
 
The continued exploration of efficient, earth-abundant OER catalysts has led to the 
establishment of several new, earth-abundant OER catalysts that are based on transition-metal 
compounds such as oxides, layered double hydroxide (LDH), chalcogenides and carbon with 
catalytic activities that are comparable to those of IrO2 and RuO2.6−9 However, most of the 
existing OER catalysts that have been developed do not possess a sufficiently high efficiency and 
stability for the electrocatalytic OER activity because of their non-optimized intrinsic properties, 
such as their electroconductivity, binding energy to the OER intermediate, and chemical 
composition, as well as their extrinsic properties, such as the particle size, morphology, and 
porosity. One of the most effective methods to tailor the intrinsic properties of catalytic materials 
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is to control their chemical composition. The ability to easily tailor their electronic structure via 
doping has made layered hydroxides promising electrocatalytic OER candidates in basic media. 
 
 
 
 
 
 
Fig. 1.  The comparative literature survey: Overpotential () and Tafel slope for (a) Ni(OH)2 and (b) 
carbon based OER electrocatalysts. Reference numbers are placed in parentheses. 
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Recently, nickel (Ni)-based double hydroxide compounds have attracted attention due to 
their high abundance, low cost, and superior electrocatalytic OER activities in alkaline 
media.10−13 Among numerous nanostructured Ni-based layered hydroxides, Ni hydroxide 
(Ni(OH)2) incorporated with metal elements has been the most intensively investigated as an 
electrocatalytic material because of its low overpotential and high electrolysis current.12,14,15 
 
Reported overpotential and Tafel slope values of various nanostructured  nickel hydroxide and 
carbon based OER electrocatalysts are summarized in Figure 1.10,13,16-35 
In addition to tuning the chemical composition, the hybridization of Ni(OH)2, e.g., as 
nanoparticles, carbon nanotubes, and graphene nanosheets, is also equally effective for 
optimizing the OER activity because it results in improved electronic conductivity, high 
absorptivity of target molecules, high porosity, large surface area, and improved morphology. 
Because the α-Ni(OH)2.xH2O polymorph consists of hydroxyl-deficient layers of β-Ni(OH)2 and 
is oriented parallel to the crystallographic ab plane, it can act as an effective host lattice for the 
intercalation of numerous anionic guest species.36 The well-defined molecular size, negative 
charge, and excellent redox properties of 0D polyoxometalate (POM) nanoclusters make them 
useful guest species for the hybridization of Ni-based layered hydroxides.37 The intercalation of 
0D POM in a layered hydroxide lattice with well-defined dimensions and cluster charges enables 
effective physical contact and a porous stacking structure with a large number of active catalytic 
sites.38,39 In addition, the limited accessibility of the interlayer gallery space of the LDH that 
precludes the practical application of this material can be improved by the intercalation of POM 
nanoclusters.40 Although several types of hybrids with Ni hydroxide and low-dimensional 
nanostructured materials have been studied, the direct synthesis of a hybrid OER electrocatalyst 
that is composed of 0D POM intercalated Ni(OH)2 has been rarely reported. 
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In the present work, mesoporous layer-by-layer-ordered Ni(OH)2-based nanohybrids 
intercalated with 0D polyoxovanadate (POV) nanoclusters are synthesized using a bottom-up 
chemical solution growth (CSG) method (the intercalative nanohybrids are denoted “NHV”). 
The effects of the POV-intercalative hybridization on the electrocatalytic OER activity and the 
surface area of the pristine Ni(OH)2 material are investigated with the accompanying variations 
in the crystal structures and physicochemical properties. 
 
 
 
Results and discussion 
 
Fabrication of LDHs intercalated with 0D polyoxovanadate nanoclusters. 
 
To investigate the effect of the POV intercalation on the physicochemical properties of the 
resulting NHV-nanohybrid materials, four representative Ni(OH)2/POV molar ratios were 
selected. The Ni(OH)2/POV molar ratios of 6.66, 2, 1, and ∞ were selected, and the obtained 
nanohybrids are denoted NHV-1.5, NHV-5, NHV-10, and NHV-∞, respectively. The 
Ni(OH)2/POV molar ratios of 6.66, 2, and 1 correspond to 1.5-, 5-, and 10-fold excesses of POV, 
respectively, which were estimated based on the lower-nuclearity [V2O7]4−  POV nanoclusters. 
The NHV-∞ sample represents the pristine Ni(OH)2 sample. 
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Fig. 2. Schematic illustration of the synthesis and structural characterization of the nanohybrids. 
(a) Schematic structure model of the NHV nanohybrids. (b) X-ray diffraction (XRD) patterns of the 
nanohybrids: (red) NHV-1.5, (green) NHV-5, (blue) NHV-10, (cyan) NHV-∞, and (pink) -Ni(OH)2 
(JCPDS 38-0715). 
 
 
 
 
 
The crystal structures of the NHV nanohybrids were examined using powder X-ray 
diffraction (XRD) analyses. The powder XRD patterns of the NHV nanohybrids are presented in 
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Figure 2 with those of the pristine -Ni(OH)2 (NHV-∞) and -Ni(OH)2 (JCPDS 38-0715). The 
pristine NHV-∞ sample shows several Bragg reflections with a highly intense (001) reflection, 
which correspond to the -Ni(OH)2 structure. According to the least-squares fitting analysis, the 
lattice parameters a and c of the NHV-∞ sample are 0.31 nm and 0.46 nm, respectively, which 
are in good agreement with those of -Ni(OH)2. Alternatively, a series of equally spaced (00l) 
Bragg reflections are commonly observed for all of the NHV nanohybrids in the low 2 region, 
and the shifting of the (00l) Bragg reflections to a low 2 value clearly indicates the formation of 
a layer-by-layer, ordered intercalative structure composed of interstratified Ni(OH)2 and 0D POV 
nanoclusters. Regardless of the Ni(OH)2-POV ratio, all of the NHV nanohybrids demonstrate the 
formation of a layer-by-layer, ordered structure with expanded basal spacings of 1.2-1.4 nm. 
This result indicates that the intercalation of the POV nanoclusters in the gallery space of the 
Ni(OH)2 is highly flexible regarding the chemical composition of the hybrid materials. Among 
the nanohybrids, NHV-1.5, which has the lowest POV content, shows the largest gallery height 
of 1.4 nm. The highest basal spacing at a 1.5-fold POV excess clearly indicates the intercalation 
of a high-nuclearity, cyclic metavanadate [V4O12]4− species. The observed intercalation of the 
[V4O12]4− species is attributed to the stabilization of a pH of ~ 8 during the growth of the NHV- 
1.5 nanohybrid. Meanwhile, for the 5 and 10-fold excesses of POV, the NHV nanohybrids have 
basal spacings of 1.25 nm and 1.29 nm, respectively. The observed basal spacings clearly 
suggest the intercalation of a low-nuclearity, dimeric pyrovanadate [V2O7]4− species due to the 
stabilization of a high pH (~10) during the growth of the NHV-5 and NHV-10 nanohybrids. For 
 
the Ni(OH)2-POV ratios above 10 and below 1.5, a well-ordered, layer-by-layer intercalated 
structure does not form. Based on the Scherrer calculation at the full-width-at-half-maximum 
(FWHM) of the (00l) reflections, the estimated thickness of each crystallite along the c-axis is ~ 
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60~90 Å. Based on the basal spacings of the NHV nanohybrids, the crystallite thickness 
corresponds to ~ 5−7 Ni(OH)2 monolayers that are pillared with POV. As can be seen clearly 
from Figure 2, all of the NHV nanohybrids display the characteristic in-plane (110) peak of 
hexagonal Ni(OH)2 sheets at 2 = ~ 60.2 and a broad hump peak at ~ 32−45, highlighting the 
growth of the Ni(OH)2 in-plane structure with a turbostratic structure.41 
 
 
 
Reaction Mechanism. 
The CSG of thin films is a controlled precipitation technique that is based on the principle 
of solid phase formation during the transformation from a supersaturated state to a saturated 
state.42 For the synthesis of the Ni(OH)2−POV nanosheet thin films, a supersaturated aqueous 
solution of a hexamine Ni(NH3)4+2 complex and sodium orthovanadate (Na3VO4) transforms into 
a saturated state via the gradual evaporation of ammonia (NH3). The CSG bath is maintained at a 
constant temperature of 50 ºC. The dissolution of NiCl2 in water initially facilitates the 
emergence of an octahedral hexa-aqua nickel (II) complex ion, as follows:43 
 
xNiCl2     + xyH2O  →   x[Ni(H2O)y]2+ +  2x(Cl2)- (1) 
During the addition of the liquid NH3, a greenish precipitate of the hydrated Ni(OH)2 forms via 
 
the hydroxide group-derived olation process of the stepwise replacement of the H2O ligand 
molecules, as follows: 
 
 
x[Ni(H2O)p]
2+   + y(OH)2-   ↔   [Nix(OH)y(H2O)xp-y](2x-y)+at pH < 9, 
x[Ni(H2O)p]
2+  + y(OH)2- ↔ Nix(OH)2n(s) + (xp − y)H+at pH > 9 (2) 
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Upon the further addition of excess NH3, the Ni(OH)2 green precipitate transforms into a clear 
blue solution of the hexamine nickel complex (Ni(NH3)q2+), where q is the coordination number, 
and 6 is the most stable for Ni2+.44,45 The formation of the hexamine nickel complex prevents a 
spontaneous precipitation, leading to the formation of a supersaturated solution, as follows: 
 
 
Nix(OH)2x   + qNH
+
 + q(OH)- —  Nix (NH3)2x+ + qH2O + 2x(OH)- at pH  > 12 (3) 
 
The aqueous solution of the vanadium precursor produces a large variety of POV species with 
diverse structures, e.g., chain metavanadates [VO3−]n, layered oxides [V2O5], and compact 
polyanions  [V10O28]6−.  The  structural  nature  of  these  species  is  highly  dependent  on  the 
concentration and pH.43,46,47  The V5+  ions induce the [V(OH2)6]5+  solvated species that are 
formed in aqueous solution and are surrounded by dipolar H2O molecules. 
Because V5+ and H2O possess a strong polarizing power and Lewis properties, 
respectively, some of the electrons transfer from the 3a1 orbital of the water molecule to the 
empty 3d orbitals in the V5+. The resultant spontaneous acidification and deprotonation of the 
H2O molecules are represented by the following hydrolysis reaction: 
[V(OH2)6]
5+  + ℎH2O → [V(OH)h(OH2)6-h](5-h)+  + ℎH3O+ (4) 
where the hydrolysis ratio, h, increases with the pH, leading to the formation of aquo, hydroxo, 
or oxo species. Initially, the pH of the Na3VO4 solution is close to ~ 12, and the monomeric, 
tetrahedralvanadate oxo-anionic VO43− species is produced. The vanadium in the solution is 
surrounded by four equivalent oxygen atoms. A Ni(OH)2−POV CSG bath is produced via the 
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addition of a monomeric orthovanadate (VO43−) solution to the supersaturated hexamine nickel 
complex solution. The addition of this solution leads to a transparent, supersaturated CSG bath 
with a slight increase in the pH depending on the amount of the VO43− precursor, and the colour 
changes from transparent blue to dark cyan. The CSG bath is maintained at an elevated 
temperature (~50 ºC) with the vertically immersed substrates. Consequently, the ionic product 
exceeds its solubility product via the release of H2O and NH3. The CSG bath gradually becomes 
saturated, and precipitation occurs through the heterogeneous growth of Ni(OH)2 that has been 
pillared with the POV species on the substrate and homogeneous growth in the solution phase. 
The type of the intercalated species can be predicted by observing the change in the pH. 
As the precipitation process proceeds, the pH changes from 12.5 to ~ 7. As the pH gradually 
decreases to ~9, condensation occurs due to the continuous deprotonation that leads to the 
transformation of the VO43− species into dimeric pyrovanadates [V2O7]4−. In the pH range from 7 
to 9, more condensed, cyclic-metavanadate [V4O12]4−can form.46 Consequently, the intercalated 
POV species are most likely [V2O7]4− or [V4O12]4−. 
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Fig. 3. High-resolution transmission electron microscopy analysis of the nanohybrids. High- 
resolution transmission electron microscopy (HR-TEM) images and selected area electron diffraction 
(SAED) patterns of the NHV nanohybrids: (a−d) NHV-1.5, (e−h) NHV-5, and (i−l) NHV-10. The insets 
show the lattice fringes. 
 
 
 
 
Structural and surface morphological study. 
 
The localized crystal shape and formation of the layer-by-layer intercalated structure of the 
Ni(OH)2 and POV nanoclusters are confirmed by high-resolution transmission electron 
microscopy (HR-TEM) and selected area electron diffraction (SAED) analyses. Figure 3 clearly 
shows at a low magnification the interconnected, house-of-cards-type networks in the Ni(OH)2- 
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layered crystallites that are intercalated with the POV nanoclusters for all of the NHV 
nanohybrids. As illustrated in the insets of Figure 3, at a high resolution, two types of parallel- 
aligned lines with different separation distances are resolved in the NHV nanohybrids. One type 
is in the plane view with a smaller spacing of 0.23 nm, and the other type is in the cross-sectional 
view with a larger spacing of ~ 0.9-1.2 nm. The observed interline distances from the top and 
cross-sectional views are in good agreement with the in-plane and c-axis lattice parameters that 
are determined from the XRD analysis. The present assignment is further probed using the 
SAED analysis, as shown in Figure 3(d,h,l). The SAED images clearly exhibit typical electron 
diffraction patterns for hexagonal Ni(OH)2 nanosheets.48 The sharp continuous diffraction rings 
readily index to the (100), (101), (111), (002), and (200) planes of the host Ni(OH)2 lattice.49,50 
In addition to the sharp diffraction rings, several broad and diffuse rings are also detected, and 
these are attributed to the diffractions from the stabilization of the POV nanoclusters between the 
Ni(OH)2 nanosheets. The present HR-TEM images of the NHV nanohybrids are analogous to 
those of nanohybrids synthesized using exfoliated metal-oxide/LDH 2D nanosheets and guest 0D 
nanoclusters via an exfoliation-restacking self-assembly route.40,51 
The elemental distributions in the NHV nanohybrids are investigated using a scanning 
transmission electron microscope (STEM) equipped with an energy dispersive spectroscopy 
(EDS) detector. The elemental EDS line profiles of the NHV nanohybrids clearly demonstrate 
the homogeneous distribution of nickel, vanadium, and oxygen in the Ni(OH)2-POV crystallites 
(Supporting Fig. S1).The STEM elemental mapping results also clearly confirm the intimate 
and homogeneous intercalation of the POV nanoclusters between the Ni(OH)2 nanosheets. 
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Fig. 4. Surface morphology of the nanohybrids. Field emission-scanning electron microscopy (FE- 
SEM) images of the nanohybrids: (a, b) NHV-1.5, (c, d) NHV-5, and (e, f) NHV-10. 
 
 
 
The surface morphologies of the NHV nanohybrids are investigated using field emission- 
scanning electron microscopy (FE-SEM). As presented in Figure 4, all of the NHV nanohybrids 
exhibit nanosheets that have vertically grown on the substrate surface. Despite the different 
reaction conditions, the NHV nanohybrids show similar house-of-cards-type morphologies that 
areformed by the interconnection of the Ni(OH)2-POV nanosheets. This type of nanosheet 
morphology is commonly observed for CSG-deposited hydroxide materials.52  The estimated 
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nanosheet thicknesses of 5−15 nm corresponds to between 3 and 6 stacked layers of 2D Ni(OH)2 
with POV. The chemical compositions of the Ni(OH)2−POV nanohybrids are quantitatively 
determined with EDS elemental mapping analyses. The EDS analysis clearly demonstrate the 
homogeneous distribution of Ni, V, and O over the Ni(OH)2−POV nanohybrid crystallites. Based 
on the EDS elemental analysis the chemical compositions of the Ni(OH)2−POV nanohybrids are 
estimated     to     be     Ni(OH)1.67·0.08(V4O12)4−·yH2O,     Ni(OH)1.96·0.16(V2O7)4−·yH2O     and 
Ni(OH)1.962·0.15(V2O7)4−·yH2O for NHV-1.5, NHV-5, and NHV-10, respectively. 
 
 
 
 
 
 
Fig. 5. Chemical bonding analysis of the nanohybrids. (a) Fourier transform infrared (FTIR) spectra 
and (b) -Raman spectra of the nanohybrids: NHV-1.5, NHV-5, NHV-10, and NHV- (pristine Ni(OH)2). 
 
 
 
 
Fourier Transform Infrared (FTIR) and Micro-Raman Spectroscopy. 
 
The type of intercalated POV nanoclusters and their chemical bonding natures are probed 
using FTIR spectroscopy. As shown in Figure 5(a), the FTIR spectrum of NHV- (pristine 
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Ni(OH)2) shows strong and sharp absorption peaks at 9 (1604 cm−1) and 10 (3610 cm−1), and 
these peaks are attributed to the O-H stretching and bending modes of the Ni(OH)2 and free H2O, 
respectively.53 The band 7 (500 cm−1) is due to metal and oxygen bonding. Alternatively, the 
FTIR spectra of the NHV nanohybrids is complicated, and they show additional absorption peaks. 
The strong and sharp absorption peak at 1 (670 cm−1) and the shoulder band at 2 (810 cm−1) 
are attributed to the antisymmetric and symmetric stretching modes of the V−O−V chains, 
respectively.54,55 Furthermore, the second shoulder band 3 (910 cm−1) at a higher wavenumber 
is assigned to the symmetric stretching mode of the terminal V=O groups.56,57 The mild bands at 
4 and 8 (1386 cm−1) are attributed to the carbonate that is likely adsorbed on the external 
surface of the samples due to the high pH of the CSG.51 The presence of these bands confirms 
the incorporation of the POV ions into the interlayer spaces of the Ni(OH)2. 
The microscopic structural properties of the samples are further examined using Raman 
spectroscopy, as shown in Figure 5(b). The Raman spectrum of the NHV- (pristine Ni(OH)2 
with no POV) shows two main peaks, 1 (313 cm−1) and 2 (448 cm−1), and these peaks are 
attributed to the Raman-active Eg  and A1g  mode vibrations of -Ni(OH)2, respectively.58,59  In 
contrary, the NHV samples show additional vibrational modes at higher wavenumbers The 3, 
 4, and 5 peaks are attributed to the second-order lattice mode of -Ni(OH)2 and the symmetric 
stretching vibrational modes of [V2O7]4− and [V4O12]4−, respectively.58,60 The broad features of 
8 and 9 from 3500 cm−1 to 3690 cm−1 are attributed to the internal O−H stretching modes from 
 
the lattice OH and the intersheet H2O (Supporting Fig. S4).53 Careful observation of the peaks 
clearly shows the signals shifting to lower frequencies, and which is due to the decreasing POV 
chain length.61  The observed Raman features clearly reveal the intercalation of [V2O7]4− in the 
NHV-5 and NHV-10 nanohybrids and [V4O12]4− in the NHV-1.5 nanohybrid. 
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Fig. 6. Chemical states of the nanohybrids. X-ray photoelectron spectroscopy (XPS) spectra of (a) the 
Ni 2p and (b) V 2p core levels for the nanohybrids: (red) NHV-1.5, (green) NHV-5, (blue) NHV-10, and 
(pink) NHV-. 
 
 
 
The various chemical  states  of the intercalated POV species and  their effect on the 
chemical bonding nature of the host-Ni(OH)2 lattice are investigated using X-ray photoelectron 
spectroscopy (XPS) measurements. Figure 6(a) shows the XPS spectra of the Ni 2p core level in 
the NHV nanohybrids. The Ni 2p3/2 and Ni 2p1/2 signals are clearly evident and separated by a 
spin-energy difference of 17.6 eV.10,62 The characteristic satellite peaks (P and Q) of each signal 
are also seen at the higher binding energies.63,64 The V 2p XPS spectra of the NHV nanohybrids 
are illustrated in Figure 6(b). All of the NHV nanohybrids show two spectral features that arise 
from spin–orbit splitting, which correspond to V 2p3/2 at 517 eV andV 2p1/2 at 524 eV.65,66 The 
high intensity at 517 eV is attributed to the pentavalent vanadium in the intercalated POV. The 
 
observed XPS features provide a strong evidence for the presence of Ni+2 and V+5states in NHVs, 
confirming the incorporation of the POV ions into the interlayer spaces of the Ni(OH)2. 
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Fig. 7. Porosity analysis. (a) N2adsorption−desorption isotherms and (b) pore size distribution curves 
calculated using the Barrett−Joyner−Halenda (BJH) equation for (pink) NHV- (pristine Ni(OH)2) and 
(green) NHV-5. In (a), the open and closed symbols represent the adsorption and desorption data, 
respectively. 
 
 
 
 
N2 Adsorption−Desorption Isotherm Analyses of the NHV nanohybrids. 
 
The evolution of the pore structure and surface area of the NHV-5 nanohybrid and pristine 
Ni(OH)2 are examined using N2 adsorption−desorption isotherm measurements. As illustrated in 
Figure 7, the NHV nanohybrid exhibits significant N2 adsorption in the low pressure region 
(pp0−1< 0.4) with a distinct hysteresis in the high pressure region (pp0−1  > 0.45) correspond to 
that of the pristine Ni(OH)2, representing the incorporation of micropores and mesopores in the 
materials.37-40 The isotherms with hysteresis behavior are classified as 
Brunauer−Deming−Deming−Teller (BDDT)-type IV shapes and H2-type hysteresis loops based 
on the IUPAC classification.67  The presence of the type IV isotherm with H2 hysteresis is 
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characteristic of a mesoporous material with a high adsorption energy and well-ordered, 
interconnected pores with narrow and wide sections.68 The combination of the type IV isotherm 
and H2-type hysteresis indicates the presence of open, slit-shaped capillaries with very wide 
bodies (formed by parallel walls) and short, narrow necks, which is frequently observed for 
aggregates of plate-like particles with slit-shaped pores.69 The surface areas of the NHV 
nanohybrids and pristine Ni(OH)2  are calculated using the Brunauer−Emmett−Teller (BET) 
equation. The NHV-5 nanohybrid demonstrates an expanded surface area of 55 m2g−1, which is 
 
much larger than that of the pristine Ni(OH)2 (17 m2g−1). This result underscores the 
effectiveness of POV-assisted intercalative hybridization via the CSG method for expanding the 
surface area of the layered hydroxide material. The pore size distribution is calculated according 
to the BJH method. Both the pristine and hybridized samples show mesopores with an average 
diameter of >2-5 nm, indicating the mesopores in both samples originate from the growth of the 
house-of-cards-type morphology in the CSG. Along with the mesoporous character, the NHV 
nanohybrid also exhibits a maximum distribution of pores with an average diameter of ~1.7 nm, 
highlighting the existence of micropores that originate from the intercalative structure. This 
result clearly demonstrates the advantage of the CSG method for optimizing the pore structure of 
the resulting intercalative NHV nanohybrid. 
 
 
Oxygen evolution reaction electrocatalysis. 
 
The effects of the POV intercalation on the OER catalytic activity of the host Ni(OH)2 
nanosheets are examined using linear sweep voltammetry (LSV), chronopotentiometry, and 
impedance analyses. The electrochemical characteristics of the NHV-nanohybrid OER catalysts 
are investigated using a standard three-electrode electrochemical cell, and the 1cm × 1cm NHV 
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nanohybrid thin films, platinum mesh, and a saturated calomel electrode (SCE) serve as the 
working, counter, and reference electrodes, respectively. The LSV curves of the NHV- 
nanohybrid electrodes were measured in a 1 M potassium hydroxide (KOH) electrolyte with a 
scan rate of 10 mVs−1. The overpotential  values are calculated according to the following 
relation, 
  =  ERHE  − 1.23, (ERHE  =  Evs SCE  +  EO SCE  + 0.059 pH) () 
where ERHE, E vs SCE, and E0 SCE are the converted potential with respect to reversible hydrogen 
 
electrode (RHE), experimentally measured potential against the SCE reference electrode, and the 
standard potential of the SCE reference electrode at 25 C (0.241 V), respectively. 
The significantly improved water oxidation activities of the nanohybrid materials are 
investigated using the onset overpotential at a current density (J) of 10 mAcm−2, the Tafel slope, 
and the current density at a higher overpotential (300 mV). The overpotential,  required to 
drive the current density of 10 mAcm−2 is evaluated because it represents the expected current at 
the anode in a 10 % efficient solar water splitting device under 1 sun illumination. Figure 8 (a) 
shows the characteristic LSV curves of the pristine Ni(OH)2 and NHV nanohybrids. The pristine 
Ni(OH)2 electrocatalyst demonstrates a typical LSV curve with an onset overpotential of 256 mV 
and an overpotential of 359 mV to drive a current density of 10 mAcm−2. The Tafel slope is 85 
mVdec−1. 
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Fig. 8. OER activity and stability of the nanohybrids. (a) LSV curves at a scan rate of 10 mVs−1, (b) 
Tafel plots, (c) chronopotentiometry curve at a constant current density of 10 mAcm−2, and (d) Nyquist 
plots of the NHV nanohybrid electrodes. NHV-1.5 (circle), NHV-5 (triangle down), NHV-10 (star), and 
NHV- (triangle up). The inset in (d) shows the enlarged view of the electrochemical impedance 
spectroscopy (EIS) spectra in the high frequency region with the equivalent circuit for the simulated 
Nyquist curves (open symbols). 
 
Upon the intercalative hybridization with POV nanoclusters, the catalytic currents of the 
present nanohybrid Ni(OH)2 materials considerably shift to lower potentials, which highlights 
the crucial role of POV intercalation in improving the electrocatalytic OER activity of the NHV 
nanohybrids. The onset overpotential values of the NHV-1.5, NHV-5, and NHV-10 samples are 
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220, 222, and 226 mV, respectively, and the overpotential values required to drive a current 
density of 10 mAcm−2 are 273, 268, and 269 mV, respectively (see Figure 8(a)). The 
corresponding Tafel slopes of the NHV-1.5, NHV-5, and NHV-10 samples substantially improve 
from that of pristine Ni(OH)2 (85 mVdec−1) and are 50, 37, and 40 mVdec−1, respectively. The 
observed reduction in the overpotential upon the intercalation of POV nanoclusters is attributable 
to the expanded interlayer-gallery height of the host Ni(OH)2 nanosheet lattice, leading to an 
increase in the freely accessible interlayer-gallery space for the OER redox reaction electrolyte 
ions. Moreover, the formation of the mesoporous house-of-cards-type morphology in the 
Ni(OH)2−POV also contributes to the increase in the surface area, leading to an increase in the 
number of surface catalytic sites. The expansion of the surface area is confirmed by 
electrochemical active surface area (ECSA) (supporting Information S7). 
All of the Ni(OH)2−POV nanohybrids demonstrate the redox peaks that correspond to 
Ni(OH)2 (supporting Information S3). The quasi reversible oxidation and reduction peaks are 
ascribed to the oxidation of -Ni(OH)2  to -NiOOH and the successive reduction back to 
−Ni(OH)2 can be observed in the CV cycles. After consecutive CV cycle, -Ni(OH)2 in 
Ni(OH)2−POV nanohybrids is mostly converted to -NiOOH followed by -NiOOH which is the 
key factor for the origin of electrocatalytic activity of Ni(OH)2. 
As shown in Figure 8(c), the long-term electrochemical stability of the NHV nanohybrids 
is also confirmed  using chronopotentiometry for 25 h. During the stability test, all of the 
nanohybrids show vigorous and continuous gas evolution on the catalyst surface. Fairly constant 
overpotential is observed during the stability test, clearly demonstrating their highly stable OER 
activity. As compare to the recent reports on OER based on nickel hydroxide, carbon and noble 
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metal, present NHV nanohybrids demonstrated excellent OER activity (see the brief literature 
survey in Supporting Table S1 and S2). 
The observed water oxidation activities of the NHV nanohybrids are far superior to that of 
the recently reported Ni-V based LDH,10 underscoring the excellent role of POV nanoclusters as 
intercalating species to improve the water oxidation activity of pristine Ni(OH)2 materials. 
Furthermore, based on the structural analysis, the NHV nanohybrids prepared with high 
Ni(OH)2−POV ratios contain dimeric pyrovanadate [V2O7]4− ions, and the NHV nanohybrid with 
the lowest Ni(OH)2−POV ratio of 1.5 contains more condensed, cyclic metavanadate [V4O12]4− 
ions. Furthermore, the different molecular sizes of the [V2O7]4−and [V4O12]4−POV ions also 
contribute to the dissimilar water oxidation activity of the NHV nanohybrids. Both types of POV 
ions are isovalent, but they possess different molecular sizes. The [V4O12]4− cyclic metavanadate 
ion is markedly larger than that of the dimeric pyrovanadate [V2O7]4− ion, and the unoccupied 
interlayer spaces in NHV-5 and NHV-10 are likely to be larger than those in the NHV-1.5 
nanohybrid. The unoccupied interlayer spaces in the NHV nanohybrids cause the catalytic 
interlayer sites to be available for the water oxidation reaction. Since the OER primarily occurs 
on the surface of the NHV catalyst, the access to the unoccupied interlayer spaces in NHV-5 and 
NHV-10 due to the intercalation of smaller [V2O7]4−ionsresults in the NHV-5 and NHV-10 
nanohybrids having superior OER activity to that of NHV-1.5. 
 
To understand the charge transport mechanisms of the observed superior electrochemical 
activities of the Ni(OH)2−POV thin film electrodes, EIS measurements are performed in the 
same aqueous 1 M KOH electrolyte. Figure 8(d) shows the Nyquist plots for the NHV- 
nanohybrid electrodes and the simulation equivalent circuit. All of the electrodes show partially 
overlapping semicircles in the high-frequency region. The presence of semicircles is linked to the 
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electrolyte resistance (Re) and  charge transfer resistance (Rct). The NHV−POV nanohybrid 
electrodes show smaller Re values than the pristine Ni(OH)2 electrode, indicating improvements 
in the charge transfer and electrical conductivity upon the POV intercalation. The NHV- 
nanohybrid electrode prepared with the highest Ni(OH)2−POV ratio displays the smallest 
semicircle among the electrodes. As discussed earlier, because the surface areas of the electrode 
materials are comparable, the sizes of the semicircles are likely determined by the electrical 
conductivity of the NHV electrodes. The inclined lines in the low-frequency region correspond 
to the Warburg impedance that is associated with the diffusion of the electrolyte ions into the 
bulk electrodes. Compared with the pristine Ni(OH)2 electrode (NHV-), the slopes of the other 
NHV−POV nanohybrid materials are much larger, and this implies a lower resistance for 
electrolyte ion diffusion through the electrode. As estimated from the simulation results, all of 
the NHV nanohybrids show considerably lower Rs and Rct values than those of the pristine 
Ni(OH)2. The extracted Rs and Rct values are 1.76  and 37.56  for the NHV-, 2.02  and 
8.62  for the NHV-1.5, 1.69  and 3.53  for the NHV-5, and 1.45  and 3.98  for the 
NHV-10. Therefore, the significant performance enhancement in the NHV−POV nanohybrid 
electrodes is due to the improved electrical conductivity and electrolyte ion diffusion. 
 
 
Conclusions 
 
In this study, a facile, one-step CSG method is developed to deposit intercalated structures 
of 2D Ni(OH)2 nanosheets and 0D POV. The deposition of the ordered, intercalated architectures 
relies on the controlled heterogeneous precipitation of metal ions in the presence of the POV 
ions. Fine tuning the Ni(OH)2/POV molar ratio is an effective method for selecting the type of 
intercalated POV species and leads to a remarkable improvement in the electrocatalytic water 
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oxidation activity. The best optimized NHV nanohybrid demonstrates excellent OER activities 
with an overpotential of 268 mV at 10 mAcm−2 and a Tafel slope of 37 mV/decade which are 
considerably enhanced compared with those of the pristine Ni(OH)2. The significant 
enhancement in the water oxidation activity  of the NHV nanohybrids is attributed to the 
formation of a highly porous house-of-cards-type interconnected network morphology, increased 
freely accessible gallery space and improved electrical conductivity. The present study clearly 
demonstrates the effectiveness of the CSG method for the direct deposition of highly porous 
metal-hydroxide materials intercalated with 0D polyoxometalate for the exploration of efficient, 
hydroxide-based electrode materials for the OER. The present experimental findings suggest that 
a facile, one-step CSG deposition of NHV-nanohybrid materialsmight have numerous excellent 
functionalities for applications such as the production of Li-ion batteries and biosensors. 
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Experimental Section 
 
Preparation of the Ni(OH)2-POV nanohybrids: 
 
The Ni(OH)2−POV nanohybrid thin films were synthesized using a chemical solution 
growth (CSG) method. Typically, a 0.1 M aqueous solution of nickel (II) chloride (NiCl2) was 
complexed via the addition of ammonium hydroxide (NH4OH). The addition of NH4OH led to 
an initial green-coloured precipitate of Ni(OH)2, which dissolved back into the solution after the 
addition of excess NH4OH. The POV anion precursor was derived from an aqueous 0.1 M 
sodium orthovanadate solution. The CSG bath was obtained by mixing the previously mentioned 
solutions into a 50 mL glass beaker with the sequential addition of a nickel amine complex and 
the POV anion precursor. All of the precursors were made in decarbonated water to avoid any 
interference from carbonate anions. The final pH of the bath was adjusted to ~13 using NH4OH. 
The relative quantities of the nickel amine complex and the POV anion precursor were varied to 
tune the chemical composition. The stainless steel (SS) substrateswere cleaned with zero-grade 
polishing paper followed by washing with water. The pre-cleaned SS substrates were suspended 
in the solution bath parallel to the beaker wall. During the course of the CSG, the deposition 
assembly was covered with a lid and maintained in a water bath at 50 C for 3 h. After the 
deposition, the Ni(OH)2−POV nanohybrid thin films were removed from the bath, rinsed 
thoroughly with an ample quantity of decarbonated water, and then dried under an argon (Ar) 
flow. Alternatively, an attempt was made to synthesize the bulk NHV homologues from the same 
bath. The resulting NHV nanohybrids were separated using centrifugation, washed with water, 
and finally vacuum-dried at 65 C for 24 h. All of the preparation processes in this work were 
performed using decarbonated water under a CO2-free N2 atmosphere to prevent the 
contamination of the LDH materials with carbonate ions. 
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Characterization: 
 
The crystal structures of the Ni(OH)2 and NHV nanohybrids were studied using powder 
XRD with Ni-filtered Cu K radiation and a Rigaku diffractometer. The intercalative stacking 
structures of Ni(OH)2 and  POV were probed via HR-TEM and SAED analyses  using the 
Jeol(3000F) microscope at an accelerating voltage of 300 kV with a camera length of 255.8 mm. 
The hybrid structures of the nanohybrids were also probed using scanning transmission electron 
microscopy-bright field (STEM-BF) and scanning transmission electron microscopy-high angle 
annular dark field (STEM-HAADF) analyses (Jeol 2100). The surface area and pore structure of 
the nanohybrids were examined by volumetrically measuring the N2  adsorption−desorption 
isotherms at a liquid nitrogen temperature using the Micromeritics ASAP 2020 instrument 
(Micromeritics, U.S.A). The samples were degassed at 90 C for 12 h under a vacuum before the 
adsorption measurements. Micro-Raman and FTIR spectroscopic analyses were performed to 
study the chemical bonding nature of the pillared species in the present nanohybrids. The FTIR 
spectra in the frequency range of 400−4000 cm−1were recorded using a Jasco FT/IR-6100 FT 
spectrometer (Jasco, Germany). The micro-Raman spectra were collected using a JY Lab Ram 
HR spectrometer (Horiba, Japan) with an Ar  laser and a wavelength of 514.5 nm as  the 
excitation source. The XPS data were recorded using a PHI 5100 spectrometer (Perkin Elmer, 
U.S.A). For the XPS spectrometer, a twin X-ray beam source was adopted, leading to wide 
spreading of the X-ray beam and minimization of the charging effect. 
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Electrochemical Measurements: 
 
The electrocatalytic OER activity of the NHV-nanosheet thin films was investigated using 
cyclic voltammetry (CV), LSV, and EIS. The electrochemical measurements were performed 
using a standard three-electrode electrochemical cell with the Versa-stat-3 electrochemical 
workstation (Princeton Applied Research, U.S.A.). The NHV-nanosheet thin films with a 
precisely deposited unit area, a SCE, and platinum mesh served as the working, reference, and 
counter electrodes, respectively, and an aqueous 1 M KOH solution was used as the electrolyte. 
The NHV-nanohybrid electrodes were electrochemically pre-conditioned prior to each 
electrochemical experiment using 100 CV cycles between 0 to 0.6 V vs SCE at a scan rate of 10 
mAs−1 in 1 M KOH to achieve stable current values. The long term stability of the NHV 
nanohybrid electrodes were probed using chronopotentiometry (CP) with an  identical 
electrochemical cell as stated above with the Hg/HgO reference electrode. 
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Table S1: Survey of OER activity of Ni(OH)2 based electrocatalyst. 
 
Catalyst Current 
Density 
Overpotential Tafel 
Slope 
mV/dec 
Stability 
test 
Ref. 
POV intercalated-Ni(OH)2 10 
mV/cm2 
268 mV 37 24 hr Pres 
ent 
Nanoporous nickel hydroxide@nickel 
(Ni(OH)2@Ni) film on carbon cloth 
10 
mV/cm2 
458 mV 168 20 hr 1 
Nanostructured  α-Nickel-Hydroxide 10 
mV/cm2 
331 mV 42 24 hr 2 
Hydrotalcite-like Ni(OH)2  Nanosheets on 
Ni foam 
10 
mV/cm2 
330 mV 150 24 hr 3 
Petal-Like Hierarchical Array of Ultrathin 
Ni(OH)2  Nanosheets Decorated with 
Ni(OH)2  Nanoburls 
10 
mV/cm2 
300 mV 43 26 hr 4 
Nickel–vanadium monolayer double 
hydroxide 
10 
mV/cm2 
300 50 25 hr 5 
Nickel hydroxide nanoparticles 10 
mV/cm2 
299 53 15 hr 6 
CoMn-LDH 10 
mV/cm2 
293 mV 43 14 hr 7 
Orthorhombic α-NiOOH Nanosheet 10 
mV/cm2 
266 mV 76.3 24 hr 8 
Cobalt intercalated NiFe LDH 10 
mV/cm2 
265 47 24 hr 9 
Benzoate-Ni(OH)2/NF 60 
mV/cm2 
242 mV 97 27 hr 10 
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Table S2: Survey of OER activity of carbon based electrocatalyst. 
 
 
Catalyst Current 
Density 
Overpotential Tafel 
Slope 
mV/dec 
Stability 
test 
Ref. 
POV intercalated-Ni(OH)2 10 
mV/cm2 
268 mV 37 24 hr Present 
Carbon Nitrogen Nanotubes 10 
mV/cm2 
450 330  11 
Cobalt and Nitrogen Codoped 
Graphene with Inserted Carbon 
Nanospheres 
10 
mV/cm2 
426 69 200 lsv 
cycles 
12 
Phosphorus-Doped Graphitic Carbon 
Nitrides 
10 
mV/cm2 
400 61.6 30 13 
Nanocarbon-intercalated and Fe-N- 
codoped graphene 
10 
mV/cm2 
390 96 100 
cycles 
14 
Atomic dispersed Fe-Nx species on 
N and S co-decorated hierarchical 
carbon 
10 
mV/cm2 
370 82 10 000 
cycles 
15 
Surface-Oxidized Multiwall 
Carbon Nanotubes 
10 
mV/cm2 
360 42 166 hr 16 
Transition-metal-doped 
carbon/nitrogen (M/C/N) materials 
10 
mV/cm2 
360  50 cycles 17 
Sulfur-Doped Carbon Nanotube– 
Graphene Nanolobes 
10 
mV/cm2 
350 95 75 hr 18 
Nitrogen and Sulfur Codoped 
Graphite Foam 
10 
mV/cm2 
346 78 60 19 
Nitrogen and Phosphorus Dual- 
doped Graphene/Carbon Nanosheets 
10 
mV/cm2 
340 70 16000s 20 
Nitrogen-doped Ordered 
Mesoporous Carbon/Graphene 
10 
mV/cm2 
324 67 1.6 hr 21 
Nitrogen-Doped Mesoporous Carbon 
Nanosheet/Carbon Nanotube  
Hybrids 
10 
mV/cm2 
320 55 16 hr 22 
4  
 
 
 
 
 
 
Figure S1. (a) HAADF STEM images, (b) HAADF STEM element mapping for (b) Ni, (c) V, and (e) O 
and (e) element line scans along the dotted line of (top) NHV-1.5, (middle) LNHV-5, (bottom) LNHV-10 
nanohybrids 
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Figure S2.  EDS elemental maps and FESEM micrographs  of (a) NHV-1.5, (b) LNHV-5, (c) LNHV-10, 
and (d) LNHV-0 nanohybrids deposited on stainless steel. 
 
The chemical compositions of the Ni(OH)2−POV nanohybrids  are  quantitatively  determined  with 
EDS elemental mapping analyses. The EDS analysis clearly showed the homogeneous distribution of Ni, 
V, and O over the Ni(OH)2−POV nanohybrid crystallites. Based on the EDS elemental  analysis  the 
chemical      compositions      of      the      Ni(OH)2−POV      nanohybrids      are      determined      to      be 
Ni(OH)1.67·0.08(V4O12)4−·yH2O,   Ni(OH)1.96·0.16(V2O7)4−·yH2O and Ni(OH)1.962·0.15(V2O7)4−·yH2O  for 
 
NHV-1.5, LNHV-5, and LNHV-10, respectively. 
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Figure S3. CV curves of (a) NHV-1.5, NHV-5 and  NHV-10 nanohybrids befor stbilization (Red) and 
after stabilization (black) at a scan rate of 100 mVs−1. 
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